In polygynous species with biparental care, the amount of paternal support often varies considerably. In the pied flycatcher (Ficedula hypoleuca), females mated with monogamous males receive more male assistance during the nestling phase than females mated with bigynous males, as the latter have to share their mates with another female. Bigynous males, however, give more support to their primary broods than to their secondary broods. Using a long-term dataset (31 years), the present study revealed that direct reproductive success, i.e. number of fledglings, was lower in females that mated with bigynous males, especially in secondary broods without male assistance, than in females that mated with monogamous males. Secondary broods with male assistance were more affected than primary broods. Female survival was independent of mating status. In primary broods, a delayed compensation for inferior direct reproductive success was found in terms of the number of grandoffspring, a phenomenon that did not occur in secondary broods. Delayed compensation in primary broods refers to indirect effects, i.e. good genes. According to the sexy son hypothesis, genetically superior (i.e. sexy) males may have sons with a higher number of broods belonging to a polygynous breeding status than do sons from broods with a monogamous father. This was indeed the case for sons descending from primary broods, but not for sons descending from secondary broods.
INTRODUCTION
Polygyny is a common phenomenon in avian species. Data from 122 well-studied European passerines, for instance, demonstrate that 20% of these are regular polygynous (Møller 1986) . In order to understand why polygynous mating systems are upheld, the female's perspective is very important (Searcy & Yasukawa 1989; Bensch 1997) . In biparental species, polygyny has been demonstrated to be costly for females if male assistance is reduced (e.g. Johnson et al. 1994; Lubjuhn et al. 2000; Pribil & Searcy 2001; Moreno et al. 2002) , while polygynous males are normally able to increase their fitness by attracting additional females (Arnqvist & Rowe 2005 and references therein) . A basic question is, therefore, why do females choose to mate with an already-mated male?
The polygyny-threshold model (Orians 1969) proposes that the cost of sharing a male should be compensated by a superior territory quality. An experimental field test with red-winged blackbirds, Agelaius phoeniceus, indeed demonstrated that females trade mating status against territorial quality, i.e. nest predation probability (Pribil & Searcy 2001) . In the case of avian mating systems, however, most studies indicate that current reproductive success, i.e. number of fledglings, is not compensated for in partially male-deserted secondary broods (see Ligon (1999) for a review). The deception hypothesis was proposed by Alatalo et al. (1981) for the pied flycatcher Ficedula hypoleuca, a polyterritorial hole nesting passerine. This hypothesis suggests that females may be manipulated into breeding with an already-mated male, and assumes that males try to hide their actual breeding status. Arnqvist & Rowe (2005) point out that the deception hypothesis has recently received some support in the avian literature.
In order to estimate a male's value to a female, direct as well as indirect benefits have to be considered (Kokko et al. 2003; Neff & Pitcher 2005) . While direct benefits take the form of paternal care or territory advantages such as food or shelter, indirect benefits ensue from the genes provided by the male. These indirect benefits can result from good genes, i.e. intrinsic effects of paternal genes, or from compatible genes, i.e. interactions between the maternal and paternal genomes (Neff & Pitcher 2005) . Recent studies in the avian literature support the assumption that both direct and indirect effects have an impact, as females in several bird species do use secondary sexual characteristics (e.g. plumage colour) as indicators of phenotypic condition and/or genetic quality of the males (e.g. Palokangas et al. 1994; Sheldon et al. 1999; Keyser & Hill 2000) .
According to the 'sexy son' hypothesis (Weatherhead & Robertson 1979) , secondary females can compensate any direct reproductive loss by the enhanced fitness of their sons. The hypothesis proposes that mated males father attractive, prolific sons, with the result that secondary females obtain as many grandoffspring as do females mated with monogamous males. In the case of the pied flycatcher, however, the sexy son hypothesis was heavily criticized (e.g. Alatalo & Lundberg 1986) , although there are indications that sexual selection, the crucial basis for this hypothesis, does play a role in this species: male attractiveness (plumage characteristics) is correlated with male parental quality Siitari & Huhta 2002) and female pied flycatchers trade between a male's mating status and its secondary sexual character (Slagsvold & Drevon 1999 ).
Most studies have estimated fitness consequences of a female's mating status only by reproductive parameters for incubation and nestling period (e.g. Askenmo 1984; Alatalo & Lundberg 1990; Smith & Sandell 1998) . These fitness approximations, however, might be insufficient since they do not take into account the survival of adults and offspring to the next breeding season, although both parameters are important for lifetime reproductive success (Both 2002; Hunt et al. 2004; Neff & Pitcher 2005) .
The general view of an inferior breeding success in secondary females has been questioned by more recent studies taking future consequences into account (Both 2002; Garamszegi et al. 2004 ). Both (2002) could not find a significant reduction in offspring recruitment in secondary female pied flycatchers when they were partly supported by their mates. Garamszegi et al. (2004) estimated survival and lifetime reproductive success in the closely related collared flycatcher, F. albicollis. Using a relatively time-limited dataset (7 years), they argue that primary and secondary females enjoyed higher survival and similar future reproductive success compared to females mated with monogamous males.
In the present study, we investigate in the pied flycatcher, a model species in avian evolutionary ecology, the fitness consequences of polygyny for females of different mating status. Rather than restricting our fitness measures to current reproductive success during the nestling period, we also followed closely female survival and offspring recruitment. Moreover, an individual's fitness should ideally be measured by the lifetime reproductive success of its sons and daughters, i.e. the number of grandoffspring produced (Hunt et al. 2004) . We therefore examined the success of pied flycatcher broods in terms of the lifetime reproductive success of their descendants, as proposed by Kokko et al. (2003) . In order to focus on the indirect effect of good genes, i.e. the sexy son phenomenon, we analysed whether the chance of becoming polygynous and lifetime reproductive success differed between males descending from broods with monogamous and those with polygynous fathers. Arnqvist & Rowe (2005) highlighted that there were as yet no relevant long-term studies that simultaneously measured direct costs and indirect benefits.
MATERIAL AND METHODS
The pied flycatcher is a well-studied cavity-nesting passerine bird that breeds in many forest habitats of the Palearctic region and winters in tropical West Africa (e.g. Lundberg & Alatalo 1992) . F. hypoleuca is a facultative polygynous species and polygynously mated males are mostly polyterritorial (e.g. Winkel 1994 ).
(a) Study area and study population Data were collected in a long-term study (1974-2003; 2004 considered only for recruiting birds) of a nest-box-breeding population of pied flycatchers in a mixed coniferous forest near Lingen/Emsland, Lower Saxony, Germany (52827 0 N, 7815 0 E ). For further details on the study plot see Altenkirch & Winkel (1991) . The 325 ha study area contains about 560 nest-boxes in which up to 150 pied flycatcher pairs breed per year (Winkel & Winkel 1998; W. Winkel and D. Winkel 2005, unpublished data) . In this area, pied flycatchers are almost exclusively restricted to nest-boxes as breeding sites. This is due to the fact that nest-boxes are put up in excess and also this species strongly prefers artificial breeding sites over natural cavities (Lundberg & Alatalo 1992 ). Therefore, we were able to trap all adults of the local pied flycatcher population.
(b) Fieldwork
The nest-boxes were checked during the breeding season (mid-April until end of June) at least weekly, and data on reproductive performance were collected using standard methods (see Both 2002) . Clutch size, number of hatchlings, number of fledglings, number of recruits, number of grandoffspring fledged during the recruits' lifetime and female survival to the next breeding season served as measures of female fitness. For each fitness parameter, sample size was adjusted to ensure that only undisturbed broods and uncensored data were included.
In each year, all adults were captured in the nest-boxes either during the incubation period (only females-picked up by hand) or while feeding young (both sexes-by means of traps placed inside the nest-boxes). All the nestlings were banded with uniquely numbered aluminium rings from the 'Vogelwarte Helgoland'; adults were identified by their rings or were also banded. Survival of adult females and recruitment of juveniles were determined by the local recapture of ringed birds in any of the subsequent years.
Recapture probability and local survival rate could in theory be affected by dispersal differences in relation to mating status. In particular, it is conceivable that females with unsuccessful broods might leave the study plot, whereas females with successful broods might breed in the same area in the following years. Therefore, we investigated whether a brood without fledglings (equivalent to brood failure) during a female's first brood resulted in different lifespan (calculated as the last year of recapture minus the year of hatching) between the four female categories (see §2c below for a definition of these categories). Any effect of brood failure on the calculated lifespan would have been an indicator for differences in dispersal to other breeding sites. This was, however, not the case since the interaction term 'brood failure!brood category' on calculated lifespan was not significant (GLM with log-link, c 2 3;416 Z 0:32, pZ0.956). Hence, our data, in line with other studies (Pärt & Gustafsson 1989; Slagsvold & Dale 1996; Both 2002; Garamszegi et al. 2004 ), found no indication for different dispersal patterns between female flycatchers of different mating status. A correction on return rates was therefore not necessary.
(c) Female brood categories In most broods both parents feed the young. Bigynous males, however, seem to give priority to their first (equivalent to primary) females. In secondary nests, their contribution to feeding young is normally reduced or even non-existent (Lundberg & Alatalo 1992) . With respect to support received from males during the nestling phase and to male mating status, four different brood categories could be distinguished for females.
(i) A 'primary brood' is a brood of a bigynous male in which nestlings hatched first. Females of these broods are called 'primary females' in the following. (ii) A 'secondary brood' is the second brood of a bigynous male that hatched later than the primary one. In the following, females of these broods are called 'secondary females with male assistance', due to the fact that it was possible to catch the male during the nestling phase, showing that it supported the female at least to some extent. (iii) In several cases, no male could be caught or observed during the whole nestling period. In our pied flycatcher population, female mortality during the nestling period was extremely low (0.5% of all broods). Until now we have had no indication of a sex-biased adult mortality in this species. The 'no-male broods' were therefore, as a rule, secondary broods of bigynous males in which the male did not assist the female in feeding the young (see also Winkel & Winkel 1984) . This explanation was recently revealed in a random sample by paternity analyses using molecular genetic tools: females not supported by a partner during the nestling phase were inseminated by bigynous males that were simultaneously feeding nestlings in another nest-box (Lubjuhn 2005, personal communication) . We termed females of such 'no-male broods' 'secondary females without male assistance'. (iv) Broods of females that were supported during the nestling phase by monogamous males (males caught in one nest-box only) were called 'monogamous broods'. However, it has to be taken into account that about 15% of such broods were in fact obscured primary broods. In such cases, a seemingly 'monogamous brood' was supported by a bigynous male that had been caught in one nest-box only since the secondary female was not assisted by her mate (equivalent to 'no-male brood', see above). This discrepancy, as a rule, remains undetected, thus reducing possible differences in fitness correlates between monogamous broods and primary/secondary broods.
In another study (Both 2002) , secondary broods with male assistance were called 'narrow sense secondary females'. In addition, Both (2002) compared a pooled sample consisting of secondary broods with male assistance and no-male broods. He called this pooled sample 'broad sense secondary females'. In the present study, however, we decided to consider fitness estimates of secondary broods with and without male assistance separately. The application of 'broad sense secondary females' makes it impossible to distinguish differences in fitness consequences of secondary broods that are at least partly assisted by a male (secondary broods with male assistance) from broods without any paternal support (no-male broods).
In most passerine species, investigated females also engage in copulations with males other than their social mate (e.g. Griffith et al. 2002) . It is important to note that extra-pair paternity is fairly low in the pied flycatcher population observed (Brü n et al. 1996; Lubjuhn et al. 2000) . Hence, although polygynous males were more often cuckolded than were monogamous males (Lubjuhn et al. 2000) , genes are normally provided by the female's mate.
(d) Statistical analyses Data were analysed using GLM techniques (Crawley 1993) with Poisson errors and a log link function for count data (clutch size, number of hatchlings, number of fledglings, number of recruits, number of grandoffspring) and with binomial error and a logit link for proportional data, i.e. female survival. In case of over-dispersion, scale correction with Pearson c 2 was done and changes in deviance were tested against the F-distribution (Crawley 1993) . Differences between years as well as timing of broods (laying date) were taken into account in all analyses as covariates, since reproductive success varies between years and depends strongly on laying date (Berndt & Winkel 1967; Lundberg & Alatalo 1992) . In order to account for leap years, laying date was expressed as the number of days within the year, e.g. 9 May 2000Z130 days, 9 May 2001Z129 days. Estimates (equivalent to a Wald test) were performed to compare fitness estimates of monogamous broods with each of the other three categories (primary, secondary, no-male broods). All significance tests are two-tailed. GLMSTAT 6.0 was used for analyses (Beath 2005) .
RESULTS (a) Fitness estimates of different brood categories
Descriptive data on breeding performance of females mated with monogamous males (i.e. monogamous broods) are given in table 1. Clutch size and number of hatchlings did not differ significantly between the four female categories (table 2) . In contrast, the numbers of fledglings and recruits were lower in broods of females mated with bigynous males than in monogamous broods (table 2, figure 1). The effect size, i.e. degree of inferior breeding success, was different in primary and secondary females (see figure 1) : secondary broods without male assistance, i.e. no-male broods, were more affected (41.3% fewer fledglings and 64.7% fewer recruits than monogamous broods of the same laying date) than secondary broods with male assistance (18.3% fewer fledglings and 34.8% fewer recruits). Primary broods, on the other hand, showed the least pronounced differences (5.8% fewer fledglings and 20.1% fewer recruits) than monogamous broods (figure 1).
Female survival to the next breeding season, i.e. presence in the study area in subsequent years, did not differ significantly between the four female categories (table 2). Subsequently, we analysed the difference between females belonging to different brood categories with respect to lifetime reproductive success of their descendants in the F 1 generation. Secondary broods with and without male assistance produced fewer grandoffspring than monogamous broods (table 2, figure 2). This difference was more pronounced in no-male broods, i.e. secondary broods without male assistance (68.4% fewer grandoffspring than monogamous broods of the same laying date), than in secondary broods with male assistance (only 25.9% fewer grandoffspring). In contrast, primary broods did not differ significantly in their number of grandoffspring from monogamous broods (table 1, figure 2).
(b) Investigation of the 'sexy son hypothesis' In addition to direct effects, e.g. number of fledglings (see figure 1) , indirect effects might also be responsible for delayed compensation regarding the number of grandoffspring in primary broods. In order to investigate this, we compared three lifetime parameters of male recruits descending from monogamous, primary and secondary broods, respectively (see table 3). Males descending from secondary broods with and without male assistance were combined in these analyses, as both brood categories showed inferior fitness estimates (see above). Primary broods, on the other hand, revealed a delayed compensation, i.e. no significant differences in number of grandoffspring as compared to monogamous broods. Table 2 . Statistical analysis of annual breeding performance and female survival in monogamous, primary and secondary (with and without male assistance) broods. The GLM was performed with Poisson errors for clutch size, number of hatchlings, number of fledglings, number of recruits and number of grandoffspring fledged, and with binomial errors for female survival (i.e. the probability of recapturing in subsequent years). Differences between brood categories were controlled for differences between years as well as laying date (GLM-model: dependent variableZ yearClaying dateCbrood categoryCerror). In order to avoid censoring of the recruits' lifetime, only sons hatching between the years 1974 and 1999 were included. Recapture data and breeding performance from 1975 to 2004 were used to calculate lifetime reproductive success of these birds. In 2004, none of these males could be recaptured.
Males recruiting from primary broods had a higher number of polygamous breeding attempts than males recruiting from monogamous broods, while males recruiting from secondary broods did not differ in this respect (table 3, figure 3 ). These results are not confounded by differences in lifespan as males descending from different brood categories did not differ in this respect (table 3) .
The difference in number of polygynous broods corresponds with a difference in lifetime reproductive success, i.e. number of fledglings produced during a male's lifetime: males descending from primary broods produced significantly more fledglings than males descending from monogamous broods (figure 3). Males descending from secondary broods did not produce significantly more fledglings than males descending from monogamous broods (figure 3).
DISCUSSION
Several studies have observed that female pied flycatchers paired with already-mated males suffer considerable reductions in terms of number of fledglings produced when compared with females mated with monogamous males (e.g. Lundberg & Alatalo 1992) . Our long-term investigation confirms these studies, as we were able to demonstrate a reduced direct reproductive success in secondary females. This negative impact was more pronounced in secondary broods without male assistance than in secondary broods with male assistance. Both (2002) found a similar pattern as he observed less pronounced effects when only secondary females with male assistance were considered as compared to a pooled sample of secondary females with and without male assistance. However, data on comparing fitness estimates of primary and monogamous broods are scarce. Using a relatively time-limited dataset, Garamszegi et al. (2004) detected a reduced number of fledglings in primary broods as compared to monogamous broods of the closely related collared flycatcher. Our study revealed that in the pied flycatcher, primary females suffered a significant reduction in terms of number of fledglings as well as a trend towards a decreased number of recruits as compared with females mated with monogamous males.
It has to be stressed that detailed information on offspring dispersal is lacking for the pied flycatcher. As in other pied flycatcher studies, it might therefore be possible that offspring dispersal probability may differ between brood categories, thus altering fitness estimates. We have, however, no evidence for this assumption. The lower number of recruits of secondary females in particular is most plausibly explained by other facts, which are discussed below.
A lower reproductive success of secondary females might be either the result of poorer quality females in secondary broods (see Grønstøl et al. 2003) or the consequence of costs of sharing a male (e.g. Slagsvold & Lifjeld 1994) . Our data do not support the assumption that secondary females are of lower quality, since survival probability, clutch size and body size (as measured by wing length in a sub-sample: F 3,1435 Z0.5841, pZ0.626) did not differ between secondary females and females mated with monogamous males. In the pied flycatcher, primary females normally receive more male assistance than secondary females (Lifjeld & Slagsvold 1989; Lundberg & Alatalo 1992 ). Our results therefore support the assumption that the reduced paternal care during the nestling stage is a decisive factor in the inferior reproductive success. To sum up, the polygyny-threshold model, i.e. compensation of reproductive success by territorial quality (Orians 1969) , does not apply in our study.
It has been proposed that offspring of high genetic quality might outweigh any immediate decline in offspring production (Weatherhead & Robertson 1979; Kokko et al. 2003) . This might be the case in our pied flycatcher population for primary females but is not so for secondary females. In spite of the lower direct reproductive success of primary females (as measured by the number of fledglings), their fitness-measured in terms of the number of grandoffspring fledged-did not differ significantly from females mated with monogamous males, while secondary females, on the other hand, had fewer grandoffspring. Thus, only primary females were able to compensate the immediate decline in offspring production, i.e. number of fledglings and recruits. For this reason, the delayed compensation has to be the result of increased lifetime reproductive success of birds recruiting from primary broods. Our data do indeed support this assumption. In primary broods with at least one recruit, the number of grandoffspring produced during the lifetime of their recruits was significantly higher than in monogamous broods with at least one recruit (F 1,314 Z 4.182, pZ0.042; monogamous broods: MZ10.4, s.e.Z0.5; primary broods: MZ13.7, s.e.Z2.4). Weatherhead & Robertson (1979) originally conceived the 'sexy son hypothesis' in order to explain instances where females chose to mate polygynously when they could have mated monogamously and produced more young. Genetically superior (i.e. sexy) males may have sons that become more often polygynous themselves than sons of less attractive (i.e. monogamous) males. Our data support this assumption with respect to sons of primary broods, and confirm that this higher number of polygynous broods is (see table 2 ).
transferred to a higher lifetime reproductive success, i.e. number of fledglings during a son's lifetime. This, however, was not the case in sons descending from secondary broods. Therefore, non-genetic paternal effects, i.e. the reduced amount of male assistance in secondary broods (see Lundberg & Alatalo (1992) and references therein), also seem to be important. This result was not confounded by age, i.e. more polygynous attempts could not be explained by differences in lifetime between sons descending from monogamous and primary broods. Alatalo & Lundberg (1986) state that nestling weight and tarsus length are reduced in broods of secondary females (see also Alatalo et al. 1982) . Therefore, poor phenotypic quality most probably alters the sexual attractiveness of males descending from secondary broods. As a consequence, these males are not able to attract more females than are males descending from broods with a monogamous father. Paternal care, on the other hand, is less reduced in primary broods. Hence, phenotypic quality of males descending from primary broods can be assumed to be less affected, thus having a lower detrimental impact on sexual attractiveness. Therefore, males descending from primary broods benefit from the superior genes of their polygynous, i.e. sexually attractive father.
According to the 'sexy son hypothesis', one might expect broods of polygynous males to have a skewed offspring sex ratio, i.e. more sons than daughters, if their 'attractive' male descendants are more prolific. Alteration of sex ratio, i.e. an increased number of sons, would therefore be favourable in primary broods as it increases a female's fitness in the long-term, i.e. increases the number of grandoffspring. In contrast to the 'sexy son hypothesis' prediction, secondary broods should have female-sexbiased offspring, assuming that being of lower quality has stronger negative effects on the future reproductive success of males than on that of females (Albrecht & Johnson 2002) . The proposed association between breeding condition and offspring sex ratio has been observed in different bird species (e.g. Westerdahl et al. 2000; Albrecht & Johnson 2002) . Our data do not, however, support these assumptions as the proportion of males recruiting from monogamous, primary and secondary broods did not differ significantly (GLM with logit link, c 2 2;421 Z 0:20, pZ0.91). To sum up, the 'sexy son hypothesis' (Weatherhead & Robertson 1979) does not apply in the pied flycatcher, as only primary females benefit from superior genes of their respective mate. Fitness performance in secondary females, on the other hand, suffers from substantially reduced male support during the nestling stage that cannot be compensated by their recruits (see above). Therefore, it seems not to be advantageous to pair with an already-mated male, even if this male is attractive and this attractiveness is heritable.
Different hypotheses have been established to explain why females mate with already-mated males (Lundberg & Alatalo 1992 ). According to the deception hypothesis, males hide their mating status and deceive females into polygyny in the polyterritorial pied flycatcher (Alatalo et al. 1981; Alatalo & Lundberg 1984) . Slagsvold & Dale (1994) competition and costs of searching. These search costs occur as a consequence of the short breeding period (Winkel & Hudde 1993) , which restricts mate sampling and may limit a female's chance of finding an optimal mate Stenmark et al. 1988) . Slagsvold & Drevon (1999) provided evidence for a trade-off in mate choice. They argued that females may compromise by choosing a mated male of high quality that can provide favourable genes for the offspring, or by choosing an unmated male of lower quality that can provide a greater degree of parental care. Our results highlight the fact that good genes can increase offspring fitness due to the increased reproductive value of their 'sexy sons', but only if mate assistance is not reduced considerably (i.e. in primary broods). Choosing an already-mated male of high quality cannot compensate the inferior impact of reduced paternal care in our pied flycatcher population, especially if the mate abandons the female during the nestling period.
